Tomato (*Solanum lycopersicum.* L) is the world's fourth most economically important crop because of its great nutritional and commercial values ([@ref54]). *Botrytis cinerea* is a netrotrophic pathogen that leads to devastating plant diseases, which result in significant economic losses worldwide. A variety of fruits and vegetables including greenhouse-grown tomatoes are affected by *B. cinerea* ([@ref53]).

Plant defense priming was first noted in 1933 and initially termed 'sensitization' ([@ref5]), and it was accepted to be the pivotal phenomenon in systemic plant immunity ([@ref9]). Priming is widely understood to be activated by exposure to a priming agent, often a pathogen. Even if this initial contact does not lead to a defense response or virulent interaction, we expect to see the defense responses deployed in a faster, stronger, and/or more sustained manner following a subsequent triggering pathogen attack ([@ref9]; [@ref43]). In effect, initial exposure to a priming agent leads to enhanced resistance to later pathogen attacks. Previous studies showed that some elicitors such as methyl jasmonate (MeJA) ([@ref35]), *Bacillus cereus* AR156 ([@ref44]), and the nonprotein amino acid *β*-aminobutyric acid (BABA) ([@ref39]; [@ref46]) could prime disease resistance.

BABA has been investigated as a potential chemical inducer of disease resistance for more than 50 years ([@ref8]; [@ref39]). Previous reports have showed that BABA could enhance plant resistance to pathogens and the efficiency of BABA treatment was associated with the specific plant-pathogen interaction ([@ref14]; [@ref16]). Studies in *Arabidopsis* reported that BABA treatment conferred enhanced resistance against infections caused by *Pst DC3000*, *Hyaloperonospora arabidopsidis*, and *Plectosphaerella cucumerina* ([@ref22]; [@ref42]; [@ref41]). Some important crop plants such as potato ([@ref15]), bean ([@ref27]), and tomato ([@ref46]) have been successfully protected by BABA. Additionally, BABA-induced resistance was found to enhance basal defense responses such as lignin formation, callose deposition and reactive oxygen species accumulation in many species ([@ref22]; [@ref42]). However, studies in tobacco showed that BABA-induced resistance against *Peronospora tabacina* depends on the salicylic acid (SA) signaling pathway, and treated plants do not show enhanced lignin formation or callose deposition ([@ref7]).

Nitric oxide (NO) is a highly diffusible gas and a ubiquitous bioactive molecule ([@ref36]). NO synthesis is accomplished by a family of nitric oxide synthase (NOS) enzymes as well as several other enzymes, and all of which have been well researched in mammals ([@ref52]). However, the NO synthesis gene in tomato has not been identified until now ([@ref11]; [@ref50]). Interestingly, the identified NOS gene and protein sequences in *Arabidopsis* and tobacco show no sequence similarities to the NOS family of enzymes in animals ([@ref11]), which brings into the question whether the identified NOS genes or their homologous genes really encode NOS enzymes in all plant species ([@ref10]). Due to the lack of NOS synthesis mutants in many plant species, NO's donor and scavenger were widely used to study the function of NO in plants ([@ref45]; [@ref51]).

Recently, increasing evidence demonstrated NO as a potential mediator involved in plant resistance against various pathogens ([@ref13]; [@ref16]; [@ref18]). Previous studies showed that an early transient NO burst is an important signal required for plant resistance against necrotrophic fungal pathogens, such as *B. cinerea* or *Sclerotinia sclerotiorum* ([@ref1]; [@ref30]). The interaction between *Solanum* spp. and *Oidium neolycopersici* had also confirmed the positive role of NO in defense activation ([@ref32]). Additionally, application of sodium nitroprusside (a NO donor) treatment enhanced resistance against *B. cinerea* in tomato fruit ([@ref51]), and protected tomato plants against *Rhizoctonia solani* infection through activating the cell wall-associated defense response ([@ref29]). In potato, BABA-triggered priming involves NO generation and reversible S-nitrosylated protein storage ([@ref16]). However, little information is available about the special role of NO in BABA-mediated resistance.

The objectives of this study are to (1) investigate the effect of BABA treatment on tomato plants infected by *B. cinerea* and (2) study the special role of NO in BABA-mediated resistance against *B. cinerea.* Tomato plants from the 'Ailsa Craig' background were used to evaluate BABA-mediated resistance by monitoring disease incidence, lesion area, defense enzyme activity, defense gene expression and plant hormone level after *B. cinerea* inoculation.

Materials and Methods
=====================

Plant materials and pathogen
----------------------------

'Ailsa Craig' (AC) tomato (*Solanum lycopersicum*) plants were planted in plastic pots (7 cm diameter) containing substrate/vermiculite/black soil (2:1:1, v/v/v) and grown in a standard greenhouse (25 ± 2℃, 65-70% relative humidity \[RH\] and photoperiod of 16 h light/8 h dark). AC seeds were kindly provided by Dr. Jim Giovannoni (Boyce Thompson Institute for Plant Research, Ithaca, NY, USA). Six-week-old tomato plants were used for further experiments.

*B. cinerea* (ACCC no. 36028) used in our study was purchased from the Agricultural Culture Collection of China (Haidian, Beijing) and were cultured on PDA medium at 22 ± 2°C for 10 days to induce sporangium formation.

Treatments and inoculation
--------------------------

Treatments were performed following the methods described by Bengtsson et al. (2014). Six-week-old tomato plants were sprayed with (1) water (as control), (2) 1 mM BABA (purity ≥ 98%, Macklin, Shanghai, China), (3) 0.2 mM cPTIO (purity ≥ 98%, Sigma, St. Louis, MO, USA), and (4) 1 mM BABA plus 0.2 mM cPTIO, and then these plants were transferred to a chamber at 25 ± 2°C with 16/8 h light/dark photoperiod. The fourth to sixth unfolded leaves from stem base were collected after spraying treatment (time 0), at 2, 4, 6, 12, and 24 h, frozen quickly in liquid nitrogen, and stored at −80°C for analyzing NO level.

Pathogen inoculation was carried out after spraying for 2 days according to Audenaert et al. (2002) Spores were suspended with sterile distilled water, and inoculum droplets (10 μl containing 1 × 10^4^ spores) were put on surfaces of the fourth to sixth unfolded leaves from stem base. Inoculated plants were kept at 100% RH and 22 ± 2°C for 24 h, and then returned to a growth cabinet maintained at 25 ± 2°C with 16 h light/8 h dark per day. The inoculated leaflets were sampled after *B. cinerea* inoculation (time 0), at 4, 16, 24, 48, and 72 h, stored at --80°C until measurement of defense enzymes activities and defense genes expressions. Additionally, 10 tomato plants of each group were used for measuring disease symptom on 2 and 4 days after inoculation. Three plants were used for sampling at every time point. Every experiment was carried out with three biological repeats.

Disease symptom measurement
---------------------------

The severity of disease symptom was monitored by measuring disease incidence and lesion diameter. Disease incidence was evaluated based on the proportion of infected leaves exhibiting disease symptom. Lesion area reflected the size occupied by gray lesions of leaves infected with *B. cinerea*, and was measured by 3.14 × (lesion diameter/2)^2^. Three biological replicates were carried out in this experiment.

RNA isolation and quantitative reverse transcription PCR (RT-qPCR)
------------------------------------------------------------------

Total RNA was isolated from frozen leaf tissue with an *EasyPure* Plant RNA Kit (Transgene, Beijing, China) according to the manufacturer's protocol. RNA integrity was evaluated with 2% agarose gel electrophoresis, and quantified with a micro spectrophotometry (NanoDrop 2000, Thermo Scientific, Waltham, MA, USA) under non-denaturing conditions. Then 2 μg total RNA was used for the first-strand cDNA synthesis with a *TransScript* One-Step gDNA Removal and cDNA Synthesis SuperMix Kit (Transgene). Next, qRT-PCR was carried out with *TransStart* Top Green qPCR SuperMix (Beijing Transgen Biotech Co. Ltd., Beijing, China) using the BIO-RAD qPCR system (CFX96, Bio-Rad, Hercules, CA, USA). The thermocycling program was as follows: 95°C for 3 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 30 s. Fluorescence changes were monitored in each cycle and *β-Actin* was used as the internal control for normalization. The relative expression levels were calculated following the 2^−ΔΔCt^ method ([@ref26]). Every experiment included three biological repeats. Sequences of specific primers used for qRT-PCR are listed in [Table 1](#T1){ref-type="table"}.

Measure of NO accumulation
--------------------------

NO was metabolized to nitrite (NO~2~−) and nitrate (NO~3~−) under acid conditions *in vivo*, and quantitation of these stable anions with Griess reagent was used to indirectly determine NO content. Extracts for NO were carried out on the base of the methods reported by [@ref19] with some modifications. Frozen tissue in powder (0.4 g) was vigorously mixed with 5 ml of cold 50 mM phosphate buffer sodium (PBS) (pH 7.4, which contained 1 mM dithiothreitol, 1 mM MgCl~2~) with the T10 basic Disperser (IKA, Darmstadt, Germany) and centrifuged at 12,000 ×*g* for 20 min at 4°C. The supernatant was collected for the measurement of NO content using NO assay kits (Jiancheng, Nanjing, China) according to the operation instructions and the absorbance was measured at 550 nm. The release of NO in the plant tissue was expressed as nitrite concentration, which was defined from a plotted standard curve. NO content was expressed as μmol/g fresh weight (FW).

Assay for defense enzymes
-------------------------

Activities of phenylalanine ammonialyase (PAL, EC 4.3.1.5), polyphenol oxidase (PPO, EC 1.10.3.2), *β*-1,3-glucanases (GLU, EC 3.2.1.39), and chitinase (CHI, EC 3.2.1.14) were analyzed as representatives of defense enzymes. Activities of PAL, PPO, GLU, and CHI were measured following the methods described by our previous report ([@ref51]). One unit of PAL activity was defined as the amount of enzyme causing an increase in absorbance of 1 at 290 nm per hour. One unit of PPO activity was defined as the amount of enzyme causing a change of 1 in absorbance per minute. One unit of GLU activity was defined as the formation of 1 μmol of glucose per hour. One unit of CHI activity was defined as the amount of 10^−9^ mol N-acetyl-D-glucosamine being produced per hour. These defense enzymes activities were expressed as U/g FW.

Assay for plant hormone concentrations
--------------------------------------

To determine the concentrations of indole acetic acid (IAA), abscisic acid (ABA), gibberellic acid (GA3), and MeJA, a simplified indirect competitive enzyme-linked immunosorbent assay was used ([@ref12]). Frozen tissue in powder (0.2 g) was extracted and homogenized with 2 ml of extraction buffer (80% methanol, containing 40 mg/l butylated hydroxytoluene as an antioxidant) using an IKA disperser. The extract was incubated at 4°C for 48 h, and centrifuged at 12,000 ×*g* for 15 min at 4°C. Then, the supernatant was collected and passed through a C18-SepPak classic cartridge (Waters, Milford, CT, USA). The residue was eluted with 10 ml of 100% (v/v) methanol and then 10 ml of ether. Finally, the eluate was dried by pure nitrogen at 20°C, and dissolved with 2 ml PBS (0.1 mM pH 7.5, containing 1% (v/v) Tween-20 and 0.1% (w/v) gelatin) to quantify hormone concentrations. The contents of phytohormone were expressed as ng/g FW.

Statistical analysis
--------------------

Statistical analysis was carried out via one-way analysis of variance (ANOVA) and Duncan's multiple range tests using the SPSS version 19.0 (IBM Corp., Armonk, NY, USA) software, and differences were considered significant if *P* \< 0.05.

Results
=======

Effects of BABA treatment on tomato plant resistance against *B. cinerea*
-------------------------------------------------------------------------

To estimate the effects of BABA on tomato plant resistance against *B. cinerea*, we carried out the preliminary experiment by spraying BABA at concentrations of 0.1, 0.5, 1.0, 3.0, and 5.0 mM (water as control). Results showed that leaves treated with BABA at concentrations of 0.1, 0.5 and 1 mM showed no visible necrosis during the whole sampling period ([Fig. 1A-D](#F1){ref-type="fig"}). However, the leaves of tomato plants treated by 3- or 5-mM BABA exhibited serious necrosis and even shrank from the second day after treatment ([Fig. 1E and F](#F1){ref-type="fig"}). Furthermore, on 2 and 4 days after *B. cinerea* inoculation, the disease incidences of plants treated with 1 mM BABA significantly decreased by 16.9% and 20.4% compared to control, respectively (*P* \< 0.05) ([Fig. 2A and B](#F2){ref-type="fig"}). The lesion areas of plants treated with 1 mM BABA decreased by 75.9% and 81.5% on 2 and 4 days after *B. cinerea* inoculation compared to control, respectively (*P* \< 0.05) ([Fig. 2C](#F2){ref-type="fig"}). These data show that the effectiveness of BABA at protecting tomato plants from *B. cinerea* is closely associated with its application concentration, and 1 mM BABA treatment is used for further experiments. These results also confirm the previous reports about the role of BABA in enhancing plant immunity.

Effects of BABA treatment on defense enzymes activities
-------------------------------------------------------

In order to better understand the nature of BABA-induced resistance, we examined the activity of four defense enzymes in response to BABA treatment and *B. cinerea* inoculation. Compared with control, BABA treatment significantly increased PAL activity at 4, 16, 24, and 72 h after inoculation (*P* \< 0.05) ([Fig. 3A](#F3){ref-type="fig"}). GLU activity in BABA-treated plants was remarkably higher than that in the control, and it peaked at 4 h after inoculation with 75.7 U/g FW (*P* \< 0.05) ([Fig. 3B](#F3){ref-type="fig"}). After *B. cinerea* inoculation, PPO activities in BABA-treated plants and control plants all exhibited a continuous increase. However, PPO activity in control plants was consistently lower than that in BABA-treated plants during the whole sampling period (*P* \< 0.05) ([Fig. 3C](#F3){ref-type="fig"}). Moreover, plants treated with BABA exhibited a significant increase in CHI activity, which peaked at 24 h with 15.8 U/g FW (*P* \< 0.05) ([Fig. 3D](#F3){ref-type="fig"}).

Effects of BABA treatment on expression of defense genes
--------------------------------------------------------

In order to further investigate the specific mechanisms of BABA-induced resistance, we examined the expression of defense mark genes in response to BABA treatment and *B. cinerea* inoculation. BABA treatment also significantly enhanced the relative expression of four defense marker genes: *SlPR1*, *SlNPR1*, *SlEDS1*, and *SlFAD4* (*P* \< 0.05) ([Fig. 4](#F4){ref-type="fig"}). After *B. cinerea* inoculation, plants treated by BABA immediately showed a significant increase in *SlPR1* and *SlEDS1* transcription. *SlPR1* transcription in BABA-treated plants was 21.25-, 14.21-, 3.88-, 4.48-, 2.84-, and 3.32-fold higher than that in control at 0, 4, 16, 24, 48, and 72 h post inoculation, respectively (*P* \< 0.05) ([Fig. 4A](#F4){ref-type="fig"}). Moreover, relative expression of *SlEDS1* in BABA-treated plants was similar to *SlPR1*, which was 3.18-, 2.11-, 4.36-, 1.80-, 1.71-, and 2.56-fold higher compared to control at 0, 4, 16, 24, 48, and 72 h, respectively (*P* \< 0.05) ([Fig. 4B](#F4){ref-type="fig"}). The transcript levels of *SlNPR1* and *SlFAD4* in BABA-treated plants remained higher after inoculation, and the values were 2.87 and 6.33 times that in control at 16 h, respectively (*P* \< 0.05) ([Fig. 4C and D](#F4){ref-type="fig"}).

Effects of BABA treatment on the levels of plant hormones
---------------------------------------------------------

To investigate the role of plant hormones in BABA-induced resistance, the concentrations of IAA, ABA, GA3, and MeJA were measured. IAA concentration in BABA-treated plants was significantly higher than control and it continuously increased at 4 h after inoculation (*P* \< 0.05) ([Fig. 5A](#F5){ref-type="fig"}). ABA content in BABA-treated plants showed a significant decrease at 4 h after inoculation (*P* \< 0.05) ([Fig. 5B](#F5){ref-type="fig"}). However, ABA concentration in control plants remained almost unchanged. Furthermore, concentration in BABA-treated plants increased rapidly after inoculation, rising above control levels at 24 h post inoculation and peaking at 48 h with a maximum value of 8.11 ng/g FW (*P* \< 0.05) ([Fig. 5C](#F5){ref-type="fig"}). BABA treatment markedly increased MeJA concentration from 4 h after inoculation compared to control (*P* \< 0.05) ([Fig. 5D](#F5){ref-type="fig"}).

Effects of BABA treatment on NO level
-------------------------------------

To investigate whether NO is involved in BABA-enhanced resistance to *B. cinereal*, NO level was measured after BABA treatment. Interestingly, plants treated with BABA alone showed a rapid increase in NO level, reaching a maximum at 4 h after BABA treatment with 3.49 μM/g FW. Although NO content declined slowly following the rise, it remained significantly higher than that in the control (*P* \< 0.05) ([Fig. 6](#F6){ref-type="fig"}). Moreover, compared with BABA treatment alone, the NO level in BABA + cPTIO-treated plants showed a significant reduction (*P* \< 0.05) ([Fig. 6](#F6){ref-type="fig"}). The level of NO in control showed minor fluctuations but remained at a relatively low level during the entire sampling period ([Fig. 6](#F6){ref-type="fig"}).

Effects of the combination of BABA and cPTIO on symptom severity
----------------------------------------------------------------

To investigate the effects of NO in BABA-enhanced resistance to *B. cinereal*, NO specific scavenger cPTIO was used diminish NO accumulation. Compared with control, plants treated with BABA alone exhibited significantly reduced lesion areas on days 2 and 4 after inoculation. Meanwhile, disease incidence in BABA-treated plants was also decreased on days 2 and 4 after inoculation by 12.2% and 7.9%, respectively (*P* \< 0.05) ([Table 2](#T2){ref-type="table"}). However, BABA-induced resistance was weakened by cPTIO application. Compared with plants treated by BABA alone, treatment with BABA plus cPTIO significantly increased the disease incidence, which rose by 14.1% and 10.0% on days 2 and 4 after inoculation. Moreover, the lesion area of BABA + cPTIO-treated plants was 1.2- and 1.4-fold higher compared to plants treated with BABA alone on days 2 and 4 after inoculation (*P* \< 0.05) ([Table 2](#T2){ref-type="table"}).

Discussion
==========

BABA treatment reduced the symptom severity caused by *B. cinerea*
------------------------------------------------------------------

BABA is considered a positive inducer of host resistance in a wide range of plants ([@ref8]; [@ref15]; [@ref43]). In *Arabidopsis*, BABA treatment reduces the sensitivity of plants to two distinct strains of *B. cinerea* ([@ref55]). In the present study, 1 mM BABA significantly decreased the disease incidence and lesion area of tomato plants infected by *B. cinerea* ([Fig. 2](#F2){ref-type="fig"}), implying that 1 mM BABA applied via a foliar spray was sufficient and effective to enhance the defense response of tomato plant against *B. cinerea* (*P* \< 0.05) ([Fig. 2B and C](#F2){ref-type="fig"}). This application concentration of BABA (1 mM) in this study was notably lower than those used in previous experiments ([@ref21]; [@ref46]), which might be due to differences in experimental condition and tomato cultivar. This result suggests that BABA treatment might be viable tool to alleviate *B. cinerea* invasion in agricultural production.

BABA treatment improved activities of defense enzymes
-----------------------------------------------------

Plants have evolved a sophisticated system that incorporates both non-enzymatic and enzymatic mechanisms in response to various pathogens ([@ref53]). In higher plants, PAL is a pivotal enzyme of the phenylpropanoid pathway, which is considered to be a key metabolic pathway in disease resistance ([@ref49]). PPO is a nuclear encoded enzyme catalyzing the oxidation of phenols to *o*-quinones, and overexpressing the *PPO* gene can enhance resistance against *P. syringae* in tomato plants ([@ref25]; [@ref38]). GLU and CHI, enzymes belonging to pathogenesis-related (PR) gene families, could damage the fungal cell wall via catalyzing the hydrolysis of *β*-1,3-glucan and chitin, respectively ([@ref47]). Thus, activities of these four defense enzymes reflect the level of disease resistance against *B. cinerea* in tomato plants. In our previous reports, tomato fruits or plants less susceptible to *B. cinerea* always showed increased activities of PAL, PPO, GLU, and CHI ([@ref48]; [@ref53]). In this study, BABA-treated plants exhibited enhanced activity of defense enzymes (*P*\< 0.05) ([Fig. 3](#F3){ref-type="fig"}), which suggests that BABA might increase resistance against *B. cinerea* in tomato plants by enhancing the activity of defense enzymes.

BABA treatment increased expression of defense genes
----------------------------------------------------

The SA signaling pathway was proven to be involved in BABA-induced resistance ([@ref7]; [@ref27]). Pathogenesis-related genes 1 (*PR1*) is a representative marker gene of the SA-dependent defense signaling pathway ([@ref21]). BABA-induced resistance against *Phytophthora infestans* was accompanied by PR protein accumulation ([@ref6]), which is in agreement with the higher relative expression of *SlPR1* in this study. Non-expresser of pathogenesis-related genes 1 (*NPR1*) is essential to activate *PR* gene expression ([@ref28]). Up-regulated transcription of *SlNPR1* in BABA-treated tomato plants was observed in this study, which is supported by previous results showing that functional NPR1 is indispensable for the established defense response to *B. cinerea* ([@ref55]). Furthermore, *EDS1* and *FAD4* encoded lipase-like proteins involved in the SA signaling pathway, and up-regulation of *SlEDS1* and *SlFAD4* was observed in pathogen-infected leaves ([@ref23]). This is in concordance with the higher expressions of *SlEDS1* and *SlFAD4* observed in BABA-treated plants (*P* \< 0.05) ([Fig. 4B and D](#F4){ref-type="fig"}). In summary, BABA treatment significantly increased relative expression of *SlPR1*, *SlNPR1*, *SlEDS1*, and *SlFAD4* (*P* \< 0.05) ([Fig. 4](#F4){ref-type="fig"}), which indicates that an *EDS1/PAD4*-dependent SA signaling defense pathway might be involved in BABA-enhanced resistance against *B. cinerea*.

BABA treatment altered plant hormones levels in tomato plants
-------------------------------------------------------------

Auxin was the first identified phytohormone and is found in all land plants and several soil-dwelling microbes ([@ref40]). BABA treatment reportedly leads to a boost of primary metabolites of tricarboxylic acid cycle and promotes IAA biosynthesis in *Arabidopsis* ([@ref17]), which is consistent with the increased IAA content we observed in BABA-treated plants ([Fig. 5A](#F5){ref-type="fig"}). ABA plays a negative role in the regulation of plant defense against various biotrophic and necrotrophic pathogens ([@ref3]). ABA-deficient tomato mutants show more resistance against *B. cinerea* ([@ref2]), which supports the reduced ABA content in BABA-treated plants less susceptible to *B. cinerea* reported here ([Figs. 2](#F2){ref-type="fig"} and [5B](#F5){ref-type="fig"}). Moreover, the lower ABA level of BABA-treated plants might result from the activated EDS1/PAD4-dependent SA signaling pathway, which could reduce ABA accumulation through affecting Ca^2+^ signal transduction ([@ref37]).

Furthermore, gibberellins (GA~S~) are a large family of tetracyclic diterpenoid hormones, and GA~3~ acts as a virulence factor to promote plant susceptibility during pathogen infections ([@ref3]). This concurs with our results that decreased GA~3~ concentration in BABA-treated plants was accompanied by less susceptibility to *B. cinerea* ([Figs. 2](#F2){ref-type="fig"} and [5C](#F5){ref-type="fig"}). JA plays a central role in a variety of physiological processes ([@ref33]). MeJA treatment can enhance the resistance against *B. cinerea* in tomato fruits ([@ref50]), which is consistent with the remarkably higher level of MeJA in BABA-treated plants that we observed (*P* \< 0.05) ([Fig. 5D](#F5){ref-type="fig"}). All these results indicate that plant hormones, including IAA, ABA, GA~3~, and MeJA, are involved in BABA-induced resistance against *B. cinerea* in tomato plants.

BABA treatment enhanced NO levels in tomato plants
--------------------------------------------------

NO burst is considered a common reaction of plants to biotic as well as abiotic stresses ([@ref34]). Many studies showed that NO participates in the establishment of defense responses to pathogens ([@ref16]; [@ref30]). In order to evaluate whether NO is involved in the regulation mechanism of BABA-induced resistance against *B. cinerea*, the NO level was measured. As shown in [Fig. 6](#F6){ref-type="fig"}, NO accumulation in BABA-treated plants displayed a time-dependent rise and peaked at 4 h after treatment, which indicates that NO might be induced by BABA.

Role of NO in BABA-enhanced resistance against *B. cinerea*
-----------------------------------------------------------

In the present study, BABA treatment enhanced resistance against *B. cinerea* in tomato plants (*P* \< 0.05) ([Fig. 2](#F2){ref-type="fig"}), which was accompanied with a NO burst. To further investigate the special role of NO in BABA-enhanced resistance against *B. cinerea*, cPTIO was used to diminish NO accumulation ([@ref45]). NO levels in plants treated with BABA plus cPTIO were obviously reduced compared with plants treated with BABA alone (*P* \< 0.05) ([Fig. 6](#F6){ref-type="fig"}), suggesting that BABA-triggered NO accumulation was effectively abolished by cPTIO. Additionally, the symptom severity of plants treated with BABA plus cPTIO significantly increased compared with plants treated with BABA alone (*P* \< 0.05) ([Table 2](#T2){ref-type="table"}), which implies that BABA-triggered NO accumulation might be crucial for protecting tomato plants against *B. cinerea*. Moreover, the BABA-triggered NO burst occurred before *B. cinerea* inoculation, indicating that the NO burst might be an early signal to activate defense response to *B. cinerea* ([@ref1]).

In addition, evidence has shown that NO acts upstream of the SA signaling pathway to regulate multiple signaling pathways ([@ref20]; [@ref31]). In *Arabidopsis* NO triggers a SA-dependent defense response, which leads to enhanced resistance against *Pseudomonas* ([@ref24]). This is consistent with our finding that BABA-induced resistance against *B. cinerea* was accompanied by a significantly higher NO level (*P* \< 0.05) ([Fig. 6](#F6){ref-type="fig"}) and a boosted SA signaling pathway (*P* \< 0.05) ([Fig. 4](#F4){ref-type="fig"}). These results suggest that NO might act as a signaling molecule to trigger a SA-dependent defense response, which might be involved in BABA-induced resistance against *B. cinerea*. However, the interactions between the NO burst and SA signaling pathway in BABA-induced resistance against *B. cinerea* remain unclear.

Conclusion
----------

In this study, BABA treatment enhanced resistance against *B. cinerea* in tomato plants. Moreover, BABA-induced resistance against *B. cinerea* was associated with the accumulation of NO in tomato plants. The positive role of NO in BABA-induced resistance was confirmed by the disease symptom. Based on these results, the possible model of BABA-induced resistance against *B. cinerea* in tomato plants was shown in [Fig. 7](#F7){ref-type="fig"}. Future efforts should be focused on the regulatory mechanism of BABA induced NO biosynthesis as well as the applications of BABA in practical production. This and future studies provide useful information about the specific role of NO in plant induced resistance against pathogens.
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![Phenotypes of tomato leaves treated with water (A), 0.1 mM (B), 0.5 mM (C), 1 mM β-aminobutyric acid (BABA) (D), 3 mM BABA (E), and 5 mM BABA (F). The pictures were taken on 2 days after treatment.](PPJ-36-121-f1){#F1}

![Effects of treatment with different concentrations of *β*-aminobutyric acid (BABA) on the disease phenotype (A), disease incidence (B), and lesion area (C). The leaves were imaged 4 days after inoculation with *Botrytis cinerea*. Disease incidence and lesion area were recorded during the incubation for 2 and 4 days at 25°C. Values followed by different letters are significantly different according to Duncan's multiple range tests at *P* \< 0.05. Data are expressed as mean ± SD of triplicate assays.](PPJ-36-121-f2){#F2}

![Effects of *β*-aminobutyric acid (BABA) treatment on activities of phenylalanine ammonialyase (PAL) (A), *β*-1,3-glucanases (GLU) (B), polyphenol oxidase (PPO) (C), and Chitinase (CHI) (D). Values followed by different letters are significantly different according to Duncan's multiple range tests at *P* \< 0.05. Data are expressed as mean ± SD of triplicate assays.](PPJ-36-121-f3){#F3}

![Effects of *β*-aminobutyric acid (BABA) treatment on relative expressions of *SlPR1* (A), *SlEDS1* (B), *SlNPR1* (C), and *SIFAD4* (D). Values followed by different letters are significantly different according to Duncan's multiple range tests at *P* \< 0.05. Data are expressed as mean ± SD of triplicate assays.](PPJ-36-121-f4){#F4}

![Effects of *β*-aminobutyric acid (BABA) treatment on concentrations of plant hormones indole acetic acid (IAA) (A), abscisic acid (ABA) (B), gibberellic acid (GA3) (C), and methyl jasmonate (MeJA) (D). Values followed by different letters are significantly different according to Duncan's multiple range tests at *P* \< 0.05. Data are expressed as mean ± SD of triplicate assays.](PPJ-36-121-f5){#F5}

![Effects of *β*-aminobutyric acid (BABA) treatment on nitric oxide (NO) level in tomato plants. Plants were treated with BABA, BABA plus cPTIO, and cPTIO (water as control), respectively. Values followed by different letters are significantly different according to Duncan's multiple range tests at *P* \< 0.05. Data are expressed as mean ± SD of triplicate assays.](PPJ-36-121-f6){#F6}

![Proposed model for the possible roles of nitric oxide (NO) accumulation, defense enzymes, and salicylic acid (SA)-related defense pathway in *β*-aminobutyric acid (BABA)-induced resistance against *Botrytis cinerea* in tomato plants. PAL, phenylalanine ammonialyase; PPO, polyphenol oxidase; GLU, *β*-1,3-glucanases; CHI, chitinase.](PPJ-36-121-f7){#F7}

###### 

Sequences of specific primers used for qRT-PCR analysis

  Name        Accession no.   Forward primer (5′ → 3′)    Reverse primer (5′→ 3′)
  ----------- --------------- --------------------------- -------------------------
  *β-actin*   NM_001308447    CAGCAGATGTGGATCTCAAA        CTGTGGACAATGGAAGGAC
  *SlPR1*     NM_00124735     TCATTCTGGTGCTGGGGAG         CACATTGGTTGGTAGCGTAGTT
  *SlNPR1*    NM_00124769     CATAACCCTTGATAAGTCCT        CCAATGCTCTATGTATCCTC
  *SlEDS1*    NM_00132029     GGAATTGAAGTCAGAGATGAGCTAA   AAAGTTCCAGCAAAAGCAAAAA
  *SlFAD4*    XM_01921210     CCGTGATCAGATGGTAGAAATAATG   CGGCAGAGAAGCCAGAGAGT

qRT-PCR, quantitative reverse transcription polymerase chain reaction.

###### 

Effects of BABA treatment on disease incidence and lesion area in tomato plants

  Treatments     Disease incidence (%)   Lesion area (cm^2^)                    
  -------------- ----------------------- --------------------- ---------------- ---------------
  Control        82.00 ± 4.12 a          93.40 ± 1.14 a        0.30 ± 0.03 a    0.54 ± 0.04 a
  BABA           72.00 ± 2.35 b          86.00 ± 1.00 b        0.23 ± 0.03 b    0.33 ± 0.03 c
  BABA + cPTIO   83.80 ± 4.49 a          95.60 ± 1.82 a        0.28 ± 0.04 ab   0.46 ± 0.03 b
  cPTIO          85.60 ± 3.65 a          93.80 ± 1.92 a        0.33 ± 0.04 a    0.50 ± 0.04 a

Six-week-old plants were sprayed with *β*-aminobutyric acid (BABA), BABA plus cPTIO, and cPTIO (water as control), respectively. *Botrytis cinerea* inoculation was carried out on 2 days after spraying. Disease incidence and lesion area were measured 2 and 4 days after inoculation at 25°C. Data are expressed as the mean ± SD of triplicate assays. Means in a column followed by a different letter differ significantly at *P* \< 0.05 by Duncan's multiple range tests.
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